A murine cell surface antigen exhibiting stage-specific expression during spermatogenesis was detected with two monoclonal antibodies (mAbs), designated BC7 and CA12. In mouse testis, these mAbs recognized a small population of cells located near the periphery of seminiferous tubules at stages XII and I-VI, and these spermatogenic cells were identified as zygotene and early pachytene spermatocytes. Expression of the antigens was transient and was not detected in germ cells at more advanced stages of spermatogenesis such as late pachytene spermatocytes and round spermatids. Immunoprecipitation and immunoblotting studies showed that both mAbs CA12 and BC7 reacted with the same antigenic molecule, which had an estimated molecular mass of 95 kDa. CA12/BC7 antigen, detected in plasma membrane fraction, was a glycoprotein with sialic acid residues and had affinity with WGA lectin. Furthermore, intraperitoneal injection of mAb BC7 caused an apparent spermatogenic disturbance in prepubertal mice. These results suggested that CA12/BC7 antigen, a novel cell surface glycoprotein, is an essential molecule that plays an important role during early meiotic prophase of spermatogenesis.
INTRODUCTION
Spermatogenesis in mammals is a highly synchronized developmental sequence, beginning with spermatogonial proliferation and continuing with meiosis and terminal differentiation to form the specialized spermatozoa. In addition to the extensive morphological changes, it is possible to recognize a process of differentiation at a biochemical level, characterized by the appearance of macromolecules, such as enzymes and membrane proteins, in germ cells at defined stages of differentiation. It is well known from a variety of studies that stage-specific expression of numerous cell surface constituents occurs during spermatogenesis (reviewed in [1, 2] ), and recently, several lines of evidence have suggested that the temporal and spatial coordination of germ cell differentiation may be mediated, at least in part, by surface interactions between germ cells and Sertoli cells (reviewed in [3] [4] [5] [6] ). Therefore, germ cell surface molecules expressed in a stage-specific manner may play an important role in differentiation and cell-cell interaction.
Analysis of antigens recognized by antisera or monoclonal antibodies (mAbs) to germ cells is a popular approach to study of the cell surface molecules in spermatogenesis. By means of such immunological probes, many autoantigens and isoantigens of spermatogenic cells have been identified in many species. They have been classified Accepted June 24, 1993 . Received April 12, 1993 . 'This work was supported in part by a grant-in-aid for Scientific Research from the Ministry of Education, Science, and Culture of Japan and a grant from fellowships of the Japan Society for the Promotion of Science for Japanese Junior Scientists (U.K.). according to their temporal expression: 1) late-class antigens expressed in haploid stages of germ cells [7] [8] [9] [10] [11] , 2) early-class antigens, which are first detected during the pachytene stage of meiosis and persist throughout subsequent stages of differentiation [11] [12] [13] [14] [15] [16] [17] [18] , and 3) transient antigens, which appear on pachytene spermatocytes or round spermatids but are not present on the spermatozoa [11, 19] . With few exceptions, the molecular nature and function of the single antigen in these immunological studies remain unclear. Such changes in cell surface constituents have also been demonstrated by several biochemical studies [20] [21] [22] .
As described above, molecular transitions in germ cell membranes have been primarily detected after the late pachytene stage of spermatocytes, and little information is available at present with respect to the earlier stages. Advanced stages of germ cells, such as spermatozoa, spermatids, and late spermatocytes, are located in the adluminal compartment behind the Sertoli cell tight junctions constituting the blood-testis barrier [23] and are potent immunogens. In contrast, spermatogonia and a portion of early spermatocytes remain outside the Sertoli cell junctions and are few in number. For these reasons, surface components of these cells do not act generally as "immunogens," but the germ cells even outside the blood-testis barrier are autoantigenic in some experimental conditions [24] . However, O'Brien and Millette [22] reported that rabbit antisera against type B spermatogonia and preleptotene spermatocytes of mice recognized antigens shared with typical somatic cells.
In the present study, we characterized a novel membrane-associated glycoprotein by using mAbs, which were made by immunizing rat with neonatal mouse testicular cells. These mAbs were shown to react with zygotene and early pachytene spermatocytes, but not with late pachytene spermatocytes or later stages of haploid cells, indicating discrete expression of the cell membrane molecule during early meiotic prophase of spermatogenesis. The functional role of this antigenic molecule for spermatogenesis was also examined.
MATERIALS AND METHODS

Animals and Cells
C57BL/6 mice were used in all experiments. As a germ cell-deficient control, C57BL/6-WVWv [25, 26] and jsd/jsd [27] were also used in some experiments. They were maintained by brother-to-sister matings and raised in our animal facilities. CD-1 (ICR)-nu/nu mice and Wistar-Furth rats were purchased from Charles River Japan Inc. (Osaka, Japan).
P3X63-Ag8.653, which is a mouse myeloma cell line that does not express immunogloblin (Ig) heavy and light chains [28] , and B cell "hybridoma" were cultured in 50% Dulbecco's Modified Eagle's Medium/50% Ham's F-12 medium (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) supplemented with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS), 50 U/ml of penicillin G potassium, and 50 ig/ ml of streptomycin sulfate at 37 0 C in a 5% CO2: 95% air, humidified incubator.
Antibodies
Mixed cell suspensions from the seminiferous epithelium were prepared from testes of neonatal (1-4 days old) mice, according to procedure described elsewhere [29, 30] . A female rat was immunized with a splenic injection of 2 X 107 testicular cells in 0.2 ml of PBS. Intrasplenic immunization can facilitate monoclonal antibody production for which only small quantities of immunogen are available by a localized high concentration of antigen in spleen [31] . Two weeks later, 3 x 107 cells were injected in the same way as for the previous immunization. After 3 days, the rat was killed by bleeding under anesthesia and the spleen was removed and prepared for cell suspension; 8 x 107 splenic lymphocytes were mixed with 8 x 106 myeloma cells, centrifuged, and then resuspended in 1.0 ml of 50% (w/v) polyethylene glycol 1500 (Boehlinger Mannheim GmbH, Mannheim, Germany) at 37°C for 10 min. After completion of cell fusion, the resulting cell suspension was centrifuged, suspended in the culture medium, and applied to 96-well microtiter plates. The medium was gradually replaced with HAT medium.
Colonies of hybridoma producing antibody were selected for their reactivity in testicular cells by indirect immunofluorescence. Cells from positive wells were then cloned successively two or three times by limiting dilutions on a feeder layer of normal mouse thymus. Neat supernatants with comparable antibody titer (about 1: 128) were collected and stored at -20°C until use. Isotypes of antibodies were determined by a commercially available kit (Zymed Labs. Inc., San Francisco, CA).
Indirect Immunofluorescence
Immunofluorescent staining in testicular frozen sections was carried out as described previously [32] . In short, sections were incubated with hybridoma supernatant, biotinylated sheep anti-rat Ig (Amersham International plc., Buckinghamshire, UK), and fluorescein isothiocyanate (FITC)-conjugated streptavidin (Zymed). For cell surface labeling, germ cells were mechanically dispersed from 25-day-old mouse testes, mixed with hybridoma supernatant and incubated for 30 min at 4°C with gentle stirring; bound antibody was visualized with FITC-conjugated anti-rat Ig (DAKO Japan Co. Ltd., Kyoto, Japan). All incubations were conducted in the presence of 10 mM sodium azide.
Immunohistochemistry
Testes and other tissues were fixed in Bouin's solution, embedded in paraffin, and sectioned at 5 [Lm. After deparaffinization with xylene, sections were treated with 0.3% hydrogen peroxide in methanol followed by 5% normal sheep serum (DAKO) in PBS; they were then reacted with hybridoma supernatant, biotinylated anti-rat Ig (Amersham) diluted 1:100, and avidin-biotinylated horseradish peroxidase complex (Vector Labs., Burlingame, CA) diluted 1:1000. All incubations were done for 30 min at room temperature and sections were washed with PBS between incubations. Bound peroxidase was visualized with 0.01% hydrogen peroxide and 0.05% diaminobenzidine in 50 mM Tris-HCI buffer (pH 7.2). Sections were counterstained with hematoxylin. Morphological identification of spermatogenic cells was based on the criteria of Leblond and Clermont [33] and Oakberg [34] .
Preparation of Solublized Antigen
Testes and other tissues were mechanically dissociated and washed in cold PBS, then homogenized thoroughly in homogenizing buffer (10 mM Tris-HCl [pH 7.4], 1% Triton-X 100, 2 mM PMSF). After 60 min on ice, the extracts were centrifuged at 50 000 rpm for 30 min at 4 0 C to remove insoluble components of cells. The supernatants, containing the detergent-solublized material, were collected. Protein concentration was determined using BSA as a standard.
Immunoblot Analysis
Detergent extracts, adjusted to equal amounts of protein, were incubated with hybridoma supernatant for 2 h and precipitated with protein G-Sepharose beads (Pharmacia LKB Biotech, Uppsala, Sweden) for 2 h at 4°C. Immunoprecipitates were washed excessively and then analyzed by SDS-PAGE.
After electrophoresis, proteins were transferred to polyvinylidenedifluoride membranes (Immobilon; Millipore, Bedford, MA) as described previously [30] . The membranes were incubated with blocking solution (5% low-fat milk in PBS), hybridoma supernatant, and horseradish peroxidase-conjugated anti-rat Ig (Amersham) diluted 1:500. All incubation were conducted for 30 min at room temperature and membranes were washed thoroughly in PBS containing 0.05% Tween 20 between incubations. Antigen was detected by developing the color reaction with nitro blue tetrazolium using the POD immunostain kit (Wako Pure Chemical Industries Ltd., Tokyo, Japan). Molecular weight of antigen was estimated by use of a molecular weight marker standard (Pharmacia).
Lectin Affinity Purification
Cleared detergent extracts of testis, adjusted to 0.5 mg/ 0.5 ml in homogenizing buffer, were applied twice to a column of 0.2 ml of lectin agarose (Con A, LCA, WGA, RCA 120 , and PNA; Seikagaku Kogyo Co. Ltd., Tokyo, Japan). Each column was washed with 10 ml of 20 mM phosphate buffer (pH 7.4), and the glycoproteins were eluted with 1 ml of washing buffer containing 0.25 M hapten sugar (methyl-ta-D-mannoside for Con A and LCA, N-acethyl-glucosamine for WGA, and galactose for RCA 1 20 and PNA). The eluted fractions were analyzed by immunoprecipitation and Western blotting as described above.
Injection of Monoclonal Antibody
Ascites fluid was obtained i.p. from nude mice-injected hybridoma producing mAb BC7. After centrifugation, ascites was diluted with PBS and Ig were precipitated with one-half volume of saturated ammonium sulfate (pH 7.0) at 4°C, resolublized, and then dialyzed exhaustively against PBS. The dialyzed material was repurified with protein GSepharose beads (Pharmacia) according to the manufacture's recommendation. Rat myeloma IgG2a (Zymed) was used as a control.
Prepubertal mice Days 12-13 of age were injected with mAb or control material (c.a. 0.2 mg IgG in 0.2 ml PBS) into the abdominal cavity. Two or three days later, mice (14-16 days of age) were killed and their testes were prepared for serial sectioning in paraffin, stained with hematoxylin and eosin, and examined under the light microscope.
RESULTS
Immunohistochemical Identification of Antigens
By immunizing female rat with neonatal mouse testicular cells intrasplenically and fusing the splenocytes with myeloma cells, we obtained several clones of hybridoma producing mAb that reacted with testicular germ cells at early stages of spermatogenesis. Two mAbs, designated as BC7 (IgG 2 ,) and CA12 (IgG 2 b), gave fluorescence labeling to the surface of some, but not all, dispersed germ cells (Fig. 1,  A and B) and, in testicular sections, recognized a population of cells located near the periphery of seminiferous tubules (Fig. 1C) ; this indicated a stage-specific expression of the antigenic molecules during spermatogenesis.
Immunohistochemical specificity of recognition was not different between BC7 and CA12 mAbs. The phase of the tubules that contained labeled germ cells was classified as stages XII and I-VI of the spermatogenic cycle ( Fig. 2A) , and germ cells that reacted with mAbs were identified as zygotene and early pachytene spermatocytes (Fig. 2B) . Expression of the early spermatocyte-specific antigenic molecules was transient and was not detected on the cells at the late pachytene spermatocyte and more advanced stages of spermatogenesis. These antigens were not detected in WVWv andjsd/jsd testes, which are devoid of differentiated germ cells [25] [26] [27] (data not shown). Since Sertoli cells, Leydig cells, and other somatic elements remained intact in these testes, antigens were present neither on somatic cells of testis nor on undifferentiated germ cells. In addition, there were antigens in none of the cells in female gonads at 14-16 days of gestation containing zygotene and pachytene stages of primary oocytes [35] (data not shown). No significant signal was observed in other tissues examined (e.g., brain, liver, spleen, intestine) except kidney, where there was weak staining on collecting tubules (data not shown).
The infantile first wave of spermatogenesis has been well characterized by the defined accumulation of germ cells at progressively more advanced stages of differentiation [35, 36] . As shown in Figure 3 , no cell stained positively with mAbs in Day 10 testis containing spermatogonia and preleptotene to leptotene spermatocytes as germ cells. At Day 12, both BC7 and CA12 antigens were first detected on a small portion of cells located at the central part of the seminiferous tubules (Fig. 3B) , and the number of positive cells was increased on Day 14 (Fig. 3C ). These observations were associated with the first appearance of zygotene and early pachytene spermatocytes in the first wave of spermatogenesis (Fig. 3D) .
Immunoblot Analysis of Antigenic Molecules
Immunoprecipitation analysis of [ 3 5S]methionine-labeled testicular protein revealed that both mAb BC7 and CA12 identified the same size of single molecule (data not shown). As shown in Figure 4A , Western blotting showed that mAb CA12 could recognize an antigenic molecule with estimated molecular weight (Mr) of 95 000, but BC7 could not. Both CA12 and BC7 immunoprecipitates showed the same single band with Mr of 95 000 by immunoblotting using CA12, indicating that these two mAbs recognized the same molecule, designated hereafter as TDA95 (testicular differentiation antigen of 95 kDa). Relative mobility of the TDA95 was not different under non-reduced condition (data not shown). TDA95 was detected in highly purified plasma membrane fraction of testicular cells (Fig. 4B) . During the first wave of spermatogenesis, TDA95 was first detected faintly at 12 days of age and became apparent at 16 and 20 days of age (Fig. 4C) ; it was not detected in mutant testes of W/W v and jsd/jsd mice, which are devoid of differentiated spermatogenic cells. These results were in good agreement with our immunohistochemical observation and indicated that TDA95 was a novel differentiation-associated molecule specifically expressed during early spermatogenesis. Since periodate-sensitive staining of germ cells was observed (data not shown), we further examined the presence of some carbohydrate modifications. TDA95 had specificity of binding to WGA and RCAI 20 columns (Fig. 4D) and was not detected when treated with neuraminidase ( Fig. 4E) , suggesting that TDA95 was a novel sialoglycoprotein.
Effects of the Injection of mAb on Spermatogenesis
To examine the role of this glycoprotein in spermatogenesis, mAb BC7 were injected into the abdominal cavity of mice. Although no specific change or harmful effect on testis was observed on injection into adult mice (data not shown), apparent spermatogenic disturbance was observed in a portion of seminiferous tubules of juvenile testes 14-16 days of age, in which the blood-testis barrier is still incomplete [37, 38] . At this age, the first wave of germ cell differentiation is progressing to the meiotic prophase containing zygotene and pachytene spermatocytes in almost all of the tubular cross sections (Fig. 5A) . In 5 of 8 mice examined, impaired spermatogenesis as judged by sloughing and aggregation of spermatocytes was observed in 10-20% of tubular cross sections in the largest testicular sections (Fig. 5B) . Furthermore, tubules devoid of zygotene and pachytene spermatocytes were also observed (Fig. 5C) . No specific changes were found in Sertoli cells or in other somatic elements of tubules, nor was infiltration of inflammatory cells such as allergic orchitis found under the light microscope. Such impairments were never observed in mice injected with control material (data not shown). 
DISCUSSION
At present, only a limited number of specific markers for the germ cells at the early stages of spermatogenesis are available. In this study, we obtained two mAbs, BC7 and CA12, that could recognize the glycoprotein with Mr 95 000 residing on zygotene and early pachytene spermatocytes (Figs. 2 and 3) . As far as we know, BC7 and CA12 are unique immunological probes and are the first to demonstrate a specific recognition of the early stages of spermatogenic cells; they may also serve as a useful stage-specific marker. O'Brien [39] previously reported that three novel proteins with Mr 30 000, 34 000, and 35 000 were synthesized during the transition from leptotene to zygotene spermatocytes. Although it is unknown whether these proteins are cell surface constituents and are glycosylated, these molecules may be different from our TDA95, judging from their molecular weights (Fig. 4) .
Cell surface molecules, particularly glycoproteins, are among the major components regulating cell differentiation, cell movement, and cell-cell interaction (reviewed in [40] ). Changes in cell surface carbohydrate molecules in testis have been demonstrated using several lectins, such as Con A, RCA, and WGA, indicating additions and/or modifications of carbohydrate conjugates that occur during spermatogenesis [41, 42] . Although plasma membrane proteins of spermatogenic cells at early stages may have an important role for spermatogenesis, information about their molecular nature, cell localization, and functions remains to be elucidated. TDA95 is a novel glycoprotein having affinity with WGA (Fig. 4D) , a specific lectin for both N-acethylglucosamine and N-acethyl-neuraminic acid [43] . Furthermore, the neuraminidase-sensitivity of TDA95 (Fig. 4E ) also suggested that it was a novel sialo-glycoprotein. Fenderson et al. [18] isolated mAbs recognizing cell surface carbohydrate antigens existing on pachytene spermatocytes and round spermatids, and neuraminidase treatment exposed antigens on more early stages of meiotic cells. These results suggested that the transition of early meiotic cells to pachytene spermatocytes would accompany changes in cell surface sialylation. Changes in sialic acid substitutions at the cell surface are suggested to play a role in cell adhesion during development.
We could not detect any positive reactions with immature testis less than 10 days of age through immunohistochemical and immunoblotting observation. Since BC7 and CA12 were raised by immunization with neonatal mouse testicular cells, antigenic molecules would share the same determinant with immature testicular cells such as primitive type A spermatogonia. Even if TDA95 were present in spermatogonia, the epitopes may be masked and be unmasked during antigen processing in the spleen when immunized. Alternatively, the quantity and/or topological localization of the antigenic molecule could be a cause of limitation in the detection of the antigen in our immunohistochemical study. Some cell surface constituents may remain dispersed within the cells during the early stages and as the differentiation proceeds, be incorporated into the plasma membrane of germ cells; such delayed insertion of membrane molecules during spermatogenesis has been suggested previously for postmeiotic cells [11] , meiotic cells [17] , and gonocytes [44] .
It has been known that pachytene spermatocyte (surface) proteins are involved in adhesion to Sertoli cells and/ or paracrine regulation of spermatogenesis [4, [45] [46] [47] [48] [49] . TDA95 also seems to be an essential molecule playing an important role in spermatogenesis, especially during early meiotic prophase, since i.p. injection of mAb induced specific damage to spermatogenesis (Fig. 5) . Zygotene and early pachytene spermatocytes, positive for BC7 and CA12, positioned just above the level of Sertoli cell junctions separating the basal compartment from the adluminal compartment and Sertoli ectoplasmic specializations (the testis-specific binding site between germ cells and Sertoli cells [50] , first appear at this stage of differentiation [3] . The loss of germ cell adhesion to Sertoli cells by the perturbation of ectoplasmic specializations with mAbs may have caused sloughing and aggregation of spermatocytes. Furthermore, these mAbs inhibited the adhesion of spermatocytes to cultured Sertoli cells in vitro (data not shown). Thus, TDA95 may be a molecule constituting ectoplasmic specializations and/or one of the cell adhesion molecules between spermatocytes and Sertoli cells. Further cytological and biochemical characterizations are needed to provide more information about the contribution of TDA95 to spermatogenesis and will greatly facilitate our understanding of the molecular mechanisms of spermatogenesis, especially during the early stages about which little information is available at present.
